Cis-to-trans isomerization of carbon-carbon double bonds can be induced by the application of mechanical force. Using single molecule force spectroscopy by means of atomic force microscopy (AFM) we pulled polymer molecules which contained cis double bonds in the backbone. In the force versus extension profiles of these polymers, a sudden extension increase is observed which is due to the conversion of shorter cis isomers into longer trans isomers. The added length to the polymer results in relaxation in probed force. We find that the isomerization occurs at forces of 800 AE 60 pN, independent of AFM tip and solid substrate chemistries. Investigation of similar polymers which exclusively contained single bonds in the backbone showed no evidence of a similar transition. Fig. 6 AFM image of P1 shows random coil conformation and no highorder structure.
Introduction
Isomerization of carbon-carbon double bonds results in molecules with cis, trans, or combination of the two isomeric states which show distinct physical and chemical properties. 1 Isomerization normally occurs via irradiation, for example isomerization of 11-cis-retinal to trans-retinal in the human eye, 2 and isomerization of stilbene and its derivatives, 3 by heat and at low pressure in cis-and trans-2-butene, 4 by enzymes in the reverse isomerization of trans-retinal to 11-cis-retinal, by catalysts using silver and ruthenium, 5, 6 or via surface-assisted pathways. 7 So far the effect of mechanical force on isomerization of carbon-carbon double bonds has not been investigated.
In this paper, we show that the isomerization of carboncarbon double bonds, from the cis isomeric state to the trans state, can be induced by the application of mechanical force. Our approach follows the previous mechanochemical experiments which have led to remarkable insights into the conversion of mechanical force to chemical transformation at the level of single polymer molecules and sometimes single bonds. Examples include p-p interaction, 8 hydrogen and covalent bonding, [9] [10] [11] and conformational transition. [12] [13] [14] To realize these experiments, a well-defined force-sensitive chemical moiety, a mechanophore, is embedded in a polymer backbone. This addition results in a force-responsive or a mechanically active polymer. Upon pulling the polymer using AFM, the restoring force due to polymer backbone rigidity is initially probed in the force versus extension profile. The mechanical force is transferred to the mechanophore through the polymer backbone which subsequently reduces the activation energy barrier of the chemical transition in the mechanophore. When the activation energy barrier is lowered enough so that the transition can proceed thermally, a chemical reaction occurs within the mechanophore which manifests itself as an irregular change in the force versus extension profile of the polymer. The restoring force due to the backbone rigidity of the transformed polymer can be probed by further extending the polymer.
Both plateaus and sudden relaxations have been observed in the force versus extension profiles of force-sensitive polymers upon transition of the mechanophore. Examples of measurements that resulted in plateaus include ring-opening of benzocyclobutene, gem-difluorocyclopropane and gem-dichlorocyclopropane, 9 and conformational transitions in polysaccharides. 14 Examples of measurements that resulted in sudden relaxations include triazole ring-opening, 10 isomerization of prolyl, 12, 13 opening of modular domains in titin and tenascin, 15, 16 unfolding of polymeric nanoparticles, 17 and unfolding of RNA molecules 18 and DNA hairpin. 19 We find that the mechanically induced isomerization of cis double bonds in a polymer backbone resembles the response of a mechanophore. More specifically, in the force versus extension profiles of polymers with cis double bonds in the backbone, a sudden extension increase and relaxation in probed force are observed. The polymer extends upon isomerization since the trans isomer is longer than the cis isomer.
The structures of polymers with cis double bonds in the backbone are summarized in Fig. 1 : P1 (with 50% of double bonds in the cis isomeric state), cis/trans-1,4-polybutadiene (PB, 36%) and cis-1,4-polybutadiene (cis-PB, 98%). The choice of P1 for the mechano-isomerization experiments is due to its specific structure. During isomerization, the bulky side chains of this polymer will rotate around the backbone. This property can be possibly employed to produce new material functions. The choice of cis-PB and PB is to show that the mechanoisomerization is not specific to P1, but can be induced in other polymers with cis double bonds in the backbone.
As control, three structurally similar polymers without double bonds in the backbone were investigated ( Fig. 1 ): P2, polyethylene (PE) and polystyrene (PS). The characteristic extension increase and force relaxation as were observed in the force versus extension profiles of the polymers with cis double bonds in the backbone were not observed for the polymers without double bonds in the backbone.
Materials and methods

Materials
Dimethyl sulfoxide (DMSO) was purchased from Acros Organics. 1,2-Dichlorobenzene (DCB), toluene and methyl benzoate were purchased from Sigma Aldrich. Absolute ethanol was purchased from VWR International. All solvents were dry (Z99%) and used as received. (3-Glycidoxypropyl)dimethylethoxysilane and 1-nonanethiol were purchased from Sigma Aldrich. PB, cis-PB, PE and PS (molecular weights M w = 200, 250, 4500, and 280 kg mol À1 , respectively) were purchased from Sigma Aldrich.
Experiments were carried out on silica, functionalized silica, gold and functionalized gold. Naturally oxidized silicon wafers were obtained from Silchem (Germany). A small piece of silicon wafer was cleaned for 20 min with piranha solution, which consisted of a mixture of H 2 SO 4 98% and H 2 O 2 30% in a volumetric ratio of 3 : 1. The piece was then rinsed with Milli-Q water and dried in a stream of nitrogen. The clean substrate was then immediately used for polymer deposition or surface functionalization. Epoxy-functionalized silica (EF-silica) was prepared as follows. The clean silica substrate was placed in an evacuated container aside a 150 mL drop of (3-glycidoxypropyl)dimethylethoxysilane for 1 h. The EF-silica substrate was then immediately used for polymer deposition. Gold-coated glass slides were obtained from Phasis (Switzerland). A small piece of gold-coated glass slide was immersed in 2% (w/w) sodium dodecyl sulfate for 30 min, then rinsed with Milli-Q water and ethanol and finally dried in a stream of nitrogen. It was then treated in a UV-ozone cleaner (PSD Pro, Novascan, Ames, USA) for 20 min in an oxygen-enriched atmosphere. This cleaning procedure was repeated three times. The cleaned gold substrate was then immediately used for polymer deposition or surface functionalization. Methyl-functionalized gold (MF-gold) was prepared as follows. 1-Nonanethiol diluted to a concentration of 0.5 mM in absolute ethanol was adsorbed on gold by an overnight (412 h) immersion. The film was then rinsed with abundant ethanol. The MF-gold substrate was then immediately used for polymer deposition.
Synthesis and characterization
ABA-triblock copolymer 3 was synthesized via ring opening metathesis polymerization (ROMP) using a Grubbs 3rd generation initiator by sequential addition of monomers 2, 1 and 2 (see the ESI † for details of the syntheses of polymers P1 and P2). Polymer 3 contained 50% cis double bonds in the backbone. Cleavage of the tert-butyloxycarbonyl (BOC) protective group under acidic conditions (HCl) yielded the triblock copolymer P1 carrying amine hydrochloride salts in the outer blocks of the ABAtriblock structure. Gel permeation chromatography (GPC) analysis in chloroform against PS standards gave a number average molecular weight of M n = 145 kg mol À1 and a dispersity of Ð = 1.6.
A sample of the BOC-protected polymer 3 was hydrogenated using the Grubbs 1st generation catalyst under a hydrogen atmosphere (40 bar) at 40 1C for 48 h. 1 H-NMR spectroscopy confirmed the complete disappearance of olefinic signals. However, all attempts to cleave the BOC protective groups under acidic conditions yielded an insoluble material. In order to increase solubility, a second ABA-triblock copolymer 5 was synthesized via sequential addition of monomers 2, 4 and 2. Monomer 4 which carries a branched side chain typically shows better organo-solubility than monomers carrying the n-hexyl side chain. To further improve organo-solubility, a lower molecular weight (85 kg mol À1 ) was targeted for the triblock polymer 5. Hydrogenation of 5 using the Grubbs 1st generation catalyst under a hydrogen atmosphere (40 bar) at 40 1C for 48 h yielded saturated polymer 6. Cleavage of the tert-butyloxycarbonyl (BOC) protective group under acidic conditions (trifluoroacetic acid, TFA) yielded the saturated triblock copolymer P2 carrying the TFA salts of the primary amine in the outer blocks of the ABA-triblock structure. GPC analysis in chloroform against PS standards gave M n = 76 kg mol À1 and Ð = 1.2.
P1 was dissolved in DMSO and P2 in DCB at a concentration of 100 mg L À1 . PB, cis-PB, PE and PS were dissolved in toluene at a concentration of 100 mg L À1 .
AFM experiments
AFM pulling experiments were performed using a Cypher AFM (Asylum Research, Santa Barbara, CA). The force versus extension profiles were acquired with cantilevers with silicon tips (BL-AC40TS, Olympus, Japan), functionalized silicon tips, and gold coated tips (TR400PB, Olympus, Japan). The AFM tips were cleaned in a UV-ozone cleaner as described above. The spring constants were in the range of 0.05-0.10 N m À1 for the silicon and functionalized silicon tips and 0.16-0.17 N m À1 for the goal coated tips as obtained from the thermal fluctuation method. Functionalization of silicon tips with epoxide groups (EF-tip) was performed in an overnight reaction (412 h), where the tip was placed adjacent to a 150 mL drop of (3-glycidoxypropyl)dimethylethoxysilane as described above. Prior to pulling using the AFM, 10 mL of a polymer solution was deposited on the substrate. For P1 and P2, the deposition period was 120 min, while for the other polymers the deposition period was until the solution completely dried in air (20 min). The substrate was then rinsed with the respective solvent and dried under a stream of nitrogen. The polymer-coated substrate was mounted in the AFM cell and 40 mL of an appropriate working solution was added. For P1 and P2, the working solutions were DMSO and DCB, respectively, while for the rest of the polymers the working solution was methyl benzoate. The pulling experiments were carried out with repeated approach-retraction cycles with a sampling rate of 2 kHz. Pull-off distances of more than 40 nm were used in all cases to minimize tip-solid substrate interactions. An on-surface trigger force of about 2-3 nN was used. An approach and retraction velocity of 200 nm s À1 was used in all cases except for the experiments concerning the rate dependency of the mechano-isomerization in P1. In these experiments retraction velocities of up to 2 mm s À1 were used for which the sampling rate was increased to 10 kHz. Experiments with P1 were performed on EF-silica, gold and MF-gold using EF-tips and gold tips. Experiments with P2 were performed on EF-silica using EF-tips. Experiments with the rest of the polymers were performed on silica using silicon tips. All experiments were carried out at a temperature of 25 1C.
The force versus extension profiles of the polymers were obtained by pulling experiments using the AFM. A normalization procedure was used to ascertain that the force versus extension profiles were from single molecules. This procedure consists of dividing the extension of the polymer, x, by its extension at force F 0 , i.e. x 0 (F 0 ). The extension x 0 is proportional to the contour length of the polymer. Similarly, x 0 varies from one pulling event to the other, because the polymers are normally attached to the AFM tip randomly along the polymer backbone. When the extension of the polymer x is normalized by x 0 , the normalized extension x/x 0 becomes independent of the contour length. The resulting normalized force versus extension profile, in particular, force F as a function of the normalized extension x/x 0 , can be used to identify single molecule extensions. When the normalized force versus extension profiles overlap, single molecule extension responses are assumed.
We used the modified freely jointed chain (FJC) model to fit the force versus extension profiles. The FJC model, in addition to the linear elastic regime at low forces, describes the nonlinear regime at high forces. The extension x is expressed in terms of the force F as: 20
where L is the contour length, k B the Boltzmann constant, T the absolute temperature, l the Kuhn length, and K the elasticity constant. In general, the elastic response of polymer molecules enters the nonlinear FJC deformation regime at high forces. 21 The FJC is also commonly used in the modelling of the force response of synthetic polymers. 22 AFM imaging of P1 was performed using a Cypher AFM in amplitude modulation mode. Silicon tips with a nominal tip radius o10 nm and resonance frequencies around 25 kHz in DMSO and 130 kHz in air were used. The cantilever was externally driven by an AC modulated blue laser close to its resonance frequency in DMSO. To create a dilute polymer film on mica (Plano, Germany), P1 was adsorbed from a solution of 1 mg L À1 concentration in DMSO for 40 s after which the polymer solution was replaced with a larger volume of the solvent. A scan rate of 7.8 Hz with a free oscillation amplitude (FOA) of about 10 nm and an amplitude set-point of about 76% of FOA was used to obtain the AFM image.
Results and discussion
We examined the effect of mechanical force on cis-to-trans isomerization of the carbon-carbon double bond at the level of single polymer molecules using AFM. Three polymers with cis double bonds in the backbone, namely P1, cis-PB and PB, were investigated. As control, we examined three polymers without double bonds in the backbone, namely P2, PE and PS. The structures of these polymers are shown in Fig. 1 .
Detecting cis-to-trans isomerization events
Using AFM we pulled single molecules of P1 and obtained their force versus extension profiles. In the majority of cases, the molecules detached from the AFM tip at forces below a few hundred pN. If a polymer remained attached at higher forces around 1 nN, in about 50% of the occurrences, it underwent a sudden transition as revealed by an extension increase in the force versus extension profile. An example is provided in Fig. 2 . The extension increase results in a drop in the probed force, where the AFM cantilever snaps to a new position that is more separated from the surface. At extensions below this transition, the restoring force due to P1 backbone rigidity increases with the extension of the polymer. When the restoring force is high enough, multiple cis double bonds isomerize to trans double bonds. Since the trans isomer is longer than the cis isomer by about 120 pm, the isomerization results in an increase in the extension of the polymer. The extension increase is denoted by Dx ct . The force where the extension increase occurs is denoted by the isomerization force F ct . After the isomerization, the polymer is further extended before it isomerizes again or detaches from the AFM tip.
It is important to ensure that the observed transition originates from a single molecule that is firmly anchored between the AFM tip and the solid substrate. We do this by first obtaining the elastic response of a single molecule of P1. Thereby we initially collect all force versus extension profiles of the polymer in which no isomerization was observed. A few examples of force versus extension profiles with no isomerization are shown in Fig. 3(a) . These experiments were repeated on EF-silica, gold and MF-gold and the resulting force versus extension profiles were normalized at 300 pN and compared in Fig. 3(b) . Each force versus extension profile was fitted to the FJC model (eqn (1)). The fitted parameters are Kuhn length l = 0.53 AE 0.06 nm and elasticity constant K = 20 AE 3 nN. In Fig. 3(b) an FJC curve that is reproduced using the mean values of the Kuhn length and the elasticity constant and normalized at 300 pN is also shown. The compatibility of different force versus extension profiles of P1 is calculated by means of the difference between each profile and the FJC curve. The good agreement between the force versus extension profiles guarantees that a single polymer molecule was pulled in each case. As a quantitative indicator of the goodness of the comparisons between the force versus extension profiles and the FJC curve, the reducedw 2 statistics was used. This quantity is defined as:w
where F (i) EXP is the experimental force, and F (i) FJC the FJC force that was calculated using the mean values of the Kuhn length and the elasticity constant. The index i = 1,. . ., N labels the data points, where N is the total number of data points. The standard deviation s = 4 pN is smaller than the one calculated from the equipartition theorem, which is around 20 pN. This reduction is due to the application of a low-pass filter at 2 kHz to the deflection data.
In every force versus extension profile in which a transition was observed, we compared the pre-transition section of the force versus extension profile with the elastic response of a single polymer molecule. For practical purposes, the FJC curve is reproduced using the mean values of the Kuhn length, l = 0.53 nm, and the elasticity constant, K = 20 nN, of P1 is then used to compare with the pre-transition sections. In the case of disagreement, the force versus extension profile was discarded. The reader is reminded that the application of the FJC to evaluate force versus extension profiles with transitions is for illustration purposes only. The pre-transition sections can be directly compared with the elastic response of a single molecule of P1 as obtained in Fig. 3. Fig. 4(a) shows the normalized pre-isomerization sections of different force versus extension profiles of P1, which compare well with each other and with the FJC curve. The good agreement obtained ensures that the analyzed profiles are from single polymer molecules. The post-isomerization sections of the profiles are shown in Fig. 4(b) .
To ensure that the observed transitions were not due to specific polymer-surface interactions, such as formation and breaking of multiple adhesion sites, we measured the isomerization force F ct with different tip and solid substrate chemistries. Thereby, the EF-tip was used against EF-silica, gold and MF-gold, and the gold tip was used against EF-silica. We expect that specific polymer-surface interactions would indicate a dependence of the observed transition forces on the chemical signature of the AFM tip and the solid substrate. Fig. 5(a) shows that F ct values are the same within standard deviation for different surface chemistries of the solid substrates and the AFM tips. This observation further ascertains that the observed transitions are due to intramolecular conversion of cis double bonds to trans double bonds. Our data give a force of 800 AE 60 pN for the isomerization of the double bond. This force is lower than the force associated with breaking of covalent bonds and rings (1-2 nN) that have been obtained experimentally. [9] [10] [11] [23] [24] [25] Additional results are provided in the ESI † (Tables S1, S2 and Fig. S5, S6 ).
Force response of other polymers with cis double bonds in the backbone
Cis-to-trans isomerization of cis-PB and PB was also investigated. The force versus extension profiles of cis-PB and PB exhibited isomerization transitions akin to the response of P1. Similar to analysis for P1, we used the no-isomerization force versus extension profiles of each polymer to obtain the elastic response of its single molecules. Fitting to the FJC model resulted in the Kuhn lengths l = 0.33 AE 0.03 nm and 0.44 AE 0.02 nm, and the elasticity constants K = 25 AE 4 nN and 16 AE 2 nN, for cis-PB and PB, respectively. The slightly higher Kuhn length in the case of PB might be due to the higher percentage of trans double bonds in the PB backbone. Comparisons between the pre-isomerization sections of the force versus extension profiles and responses of single molecules showed agreement in each case. We find that 5 (a) The extension increase Dx ct of P1, cis-PB, and PB plotted versus the isomerization force F ct . The error bars associated with isomerization of P1 on EF-silica, gold and MF-gold using EF-tips, on EF-silica using gold tips and isomerization of cis-PB represent standard deviations in the measured isomerization forces and extension increase in each dataset. F ct agrees reasonably for tips and solid surfaces that are chemically different. Histogram of isomerization forces (b) and extension increase (c) measured for P1.
these polymers have cis-to-trans isomerization forces F ct in the same range as measured for P1. This is shown in Fig. 5(a) . Experimental results for cis-PB and PB can be found in the ESI † ( Fig. S7-S9 ).
Force response of polymers without double bonds in the backbone
We extended our investigations to polymers that were structurally similar to P1, PB and cis-PB but contained no double bonds in the backbone. Among them P2 is structurally similar to P1, and PE is structurally similar to PB and cis-PB. We found that the force versus extension profiles of P2, PS and PE did not show any evidence of a transition similar to that observed for P1, PB and cis-PB. In fact, if a transition occurred, it was possible to show that the transition was not due to a single molecule. This finding justifies our attribution of the observed transitions in the force versus extension profiles of P1, PB and cis-PB to the isomerization of cis double bonds. For P2 a Kuhn length l = 0.48 AE 0.04 nm and a elasticity constant K = 10 AE 1 nN were found by fitting to the FJC model while these values were l = 0.56 AE 0.04 nm and K = 30 AE 5 nN for PE, and l = 0.81 AE 0.06 nm and K = 47 AE 5 nN for PS. Among these polymers the elastic properties of PS have been studied previously. In toluene, a Kuhn length of 1.2 nm and a elasticity constant of 2.6 nN were found, 26 while in isopropanol, they were found to be 0.4 nm and 7.2 nN, respectively. The difference between the elastic properties is potentially due to the different chemical properties of the solvents. The higher Kuhn length of PS compared to PE is due to the phenyl side groups in PS that hinder rotation of the chain by steric repulsion which is an entropic effect. The higher elasticity constant in PS compared to PE hints that the phenyl groups hinder bending of the bond angles. More interestingly we find that the double bonds in PB and cis-PB do not increase the elasticity constant of these chains. This might be due to the bending of bond angles being the main source of elasticity in these chains as compared with stretching of bonds. The higher percentage of hydrogen in PE then results in the higher elasticity constant of PE compared to PB and cis-PB. We also find that the elasticity constant of P2 is lower than that of the other polymers. While the lower Kuhn length of P2 compared to PE and PS can be a solvent effect, we attribute the lower elasticity constant to the lower range of the probed forces in P2 (o500 pN). The force versus extension profiles of P2, PS and PE are shown in the ESI † ( Fig. S10-S13) .
Interpreting mechanically induced cis-to-trans isomerization Fig. 2 and 4(b) show sudden relaxation in force upon isomerization of cis double bonds. This characteristic response, among others, resembles the mechano-isomerization of prolyl. 12, 13 Observation of a sudden relaxation 10, [15] [16] [17] [18] [19] or a plateau 9, 14 in the force versus extension profiles of force-sensitive polymers depends mainly on the shape of the energy landscape and the kinetics of transition along the pulling coordinate of the mechanophore, the number of transitions, and the mechanical response of the pulling probe. 27, 28 For P1, PB and cis-PB the polymer chain relaxes since its length increases as multiple cis double bonds isomerize to trans double bonds. This process is much faster than the response time of the AFM cantilever, B20 ms, and thus the cantilever snaps to a new position.
It is possible to estimate an upper limit of the force for the isomerization of the carbon-carbon double bond: when force is aligned with the reaction coordinate, the activation energy E b is lowered by an amount FDx*, where Dx* is the transition length. Without thermal activation, the isomerization becomes spontaneous at force F = E b /Dx*. The experimentally measured activation energy for cis-to-trans isomerization of the carboncarbon double bond for various organic molecules in liquid and gas is E b = 100-260 kJ mol À1 . 4, 29 The lower limit of the activation energy is attributed to spin-forbidden crossing from the singlet to triplet state. A value of about 170 kJ mol À1 is generally attributed to adiabatic rotational transition, 30 and shall be used in the following. A transition length Dx* = 50 pm can be estimated from the difference in the carbon-carbon distance between the trans isomer, L trans = 0.4 nm, and the cis isomer, L trans = 0.3 nm, of 2-butene assuming a symmetric reaction coordinate. Using these values, one obtains a force of about 5 nN. However, this value is an overestimation as it approaches the rupture forces of the silicon-oxygen covalent bond, 5.2 nN, the silicon-carbon covalent bond, 4.8 nN, and the silicon-nitrogen covalent bond, 4.7 nN, and even exceeds the rupture force of the silicon-silicon covalent bond, 3.3 nN. 23 We will nevertheless use this estimation to compare with the experimentally obtained isomerization force. This estimation is about 6-times larger than we measured experimentally.
As the activation energy diminishes along the reaction coordinate, the lifetime of the bond decreases by a respective Boltzmann factor. In terms of reciprocal of the lifetime: 31
where k is the force-dependent rate and k 0 the thermal rate. One possibility for the difference between the measured isomerization force and the approximation above can be the norbornene in the backbone of P1. Norbornene increases the transition length Dx* to 60.5 pm. 11 This is calculated from the difference in the contour lengths of the trans isomer, L trans = 1.24 nm, and the cis isomer, L trans = 1.12 nm, of a monomer of P1 assuming a symmetric reaction coordinate. Thereby the rate of isomerization is increased 10-fold at the isomerization force of 800 pN. The effect of longer transition lengths on reducing reaction forces has been previously shown in the measurements of opening of covalent rings, 11 and is known as the molecular lever-arm effect. Asymmetry of reaction coordinates has a similar effect. More specifically the transition length can be longer than the simple estimations above for symmetric reaction coordinates, or even change with force. 32 More importantly, while the mechanical force reduces the activation energy, the barrier might not completely disappear. In this case, isomerization could only occur by thermal activation over an existing barrier. This effect is similar to the previous measurements on breaking of covalent bonds and rings in solvents and at room temperature where deviations between experimental and estimated rupture forces have also been found. [9] [10] [11] [23] [24] [25] For example the silicon-carbon bond has a rupture force of 2.0 nN experimentally, while a rupture force of about 4.8 nN was obtained for this bond by neglecting thermal activation using density functional theory (DFT). 33 Intramolecular interactions in the highly stretched polymer molecule as well as effects from solvent molecules can contribute to the lower isomerization force. Fig. 5 illustrates the distribution of the isomerization forces. The reason that such a distribution is being observed is that the timescale of the isomerization is sufficiently slower than the one of the AFM experiment. The present mechano-isomerization experiments are at rates that are much faster than the thermal rate of isomerization of the carbon-carbon double bond, which is generally below 10 À8 s À1 . 29 In our experiments, the time frame of AFM pulling varied between 0.1 and 2 s, during which the polymer was under an increasing mechanical force prior to isomerization. The variable experimental time frame depends, in addition to the force, on the contour length of the polymer, the pulling velocity, and the stiffness of the cantilever and the polymer. Using the response time of the AFM cantilever, B20 ms, as the slowest commendable timescale for the isomerization in our experiments, it is evident that these experiments are extremely out of equilibrium. Using DFT, it has been shown that rupture forces of covalent bonds depend on the lifetime of the bond which also varies with the force. 33 Thereby a distribution of rupture forces was found for 7 different covalent bonds at a constant force rate of 10 nN s À1 . 33 The distribution of isomerization forces is similar to the distributions of rupture forces in the covalent bonds. 23 The non-equilibrium nature of these experiments, the variable time frame and thermal fluctuations explain the deviations from the mean isomerization force measured for P1. 34 The peak of the distribution or the most probable force F* is described by the Bell-Evans model: 35
where dF/dt is the force rate. Following this model, we also tried to vary the force rate by performing experiments at different pulling velocities ranging from 50 to 2000 nm s À1 . Velocities lower than 50 nm s À1 would not result in stable force versus extension profiles due to the inherent thermal drifts in the AFM apparatus. In this range of velocities we did not observe a variation in the elastic response of P1. This finding shows, on the one hand, that there is no significant change in the lubrication forces on the cantilever as a function of the pulling velocity. The velocity-independent elastic response of P1 also suggests that the extension of the polymer is under nearequilibrium conditions with no significant intrachain friction within the range of the explored velocities. The viscous component of the mechanical response of single molecules has been previously measured. 36 In this work however we only require the elastic component.
Here again in the majority of force versus extension profiles the molecule detached at forces only as high as a few hundred pN. For the remaining chains, we find that the isomerization force remains constant over the force-rate range from 4 to 12 nN s À1 . This behaviour is expected since there is a logarithmic dependence of the most probable force on the force rate (eqn (4)). Thus one needs to explore the transition forces over orders of magnitude in the force rate to observe an effect. While this procedure has been actively used for weak bonds, 17, [37] [38] [39] [40] for strong bonds with reaction forces close to the nN range, 9, 10, [23] [24] [25] the application of the model is experimentally not feasible. The strongest tethers in AFM single molecule force spectroscopy are covalent bonds which have a strength of only a few nN. 23, 24 We however speculate that if we were able to change the force rate over orders of magnitude, we would observe the force-rate dependency of the most probable isomerization force. For chemical transitions that are nonequilibrium, the most probable force is expected to increase with the force rate. 35 Fig. 5(a) shows that extension increase Dx ct varies from 0.3 to 7.3 nm. The smallest possible extension increase from one cis double bond to one trans double bond in P1 is about 0.12 nm. A larger extension increase observed in the experiments is due to isomerization of multiple cis double bonds. We suspect that sections of several neighbouring cis and trans double bonds coexist in the P1 structure. The larger extension increase corresponds to sections with several neighbouring cis double bonds or when multiple sections of all cis double bonds isomerize simultaneously. Variations in the contour length of the pulled polymers also result in variations in the extension increase since the number of available cis monomers varies with the contour length. These effects result in a larger variation in the extension increase ( Fig. 5(c) ) as compared with the isomerization force ( Fig. 5(b) ). The isomerization force is found to have no detectable correlation with the number of isomerized cis monomers ( Fig. 5(a) ). The extension increase, or the number of isomerized cis monomers, can be normalized by the total number of available cis monomers within the contour length of the pulled molecule. We found that in almost all cases, a complete isomerization of cis monomers did not occur. However P1 generally had a higher percentage of isomerization as compared with PB and cis-PB.
It was mentioned earlier that the characteristic response of the isomerization of cis double bonds in our measurements was a sudden force relaxation. This response is akin to the response of opening of modular domains in proteins such as titin and tenascin. 15, 16 We thereby performed AFM imaging of P1 to gain an understanding of its conformations in DMSO. Fig. 6 shows that P1 has random coil conformation. No high-order structure is also visible in the AFM image. The phenomenon of force-induced opening of high order structures does not correspond to P1.
The polymers without double bonds in the backbone were chosen according to the criterion of having similar structures to the polymers with cis double bonds in the backbone. It is possible that the polymers with cis double bonds in the backbone form aggregates or clusters on the substrate. In this case the observed transitions could be due to the breakage of physical bonds between different polymer chains. In this case, we expect to observe more frequent transitions in the force versus extension profiles. This is because in the case of aggregate formation, the polymer chain forms many adhesion points with the neighbouring chains. In contrast we most often observed a single transition in the force versus extension profiles. In addition, since the polymers without double bonds in the backbone were structurally similar to the polymers with cis double bonds in the backbone, they were prone to form aggregates or clusters on the substrate. Nevertheless, the lack of observation of similar transitions in polymers without double bonds in the backbone as was observed for the polymers with cis double bonds in the backbone reassures that the observed transitions are not due to breakage of aggregates.
Let us stress the various interesting aspects of P1 over PB and cis-PB. The monomers in P1 can be functionalized with chemically reactive subunits due to the high functional group tolerance of the Grubbs 3rd generation ruthenium complex used. We found that the probability of the mechanically induced isomerization varies among these polymers. These probabilities were 17% for PB and 17% for cis-PB, and 53% for P1. We also found that the extension increase Dx ct and the percent isomerization were generally higher in P1 than cis-PB and PB. These observations suggest that the molecular structure of P1 is more desirable for mechano-isomerization of double bonds. Further measurements and data analysis in support of our discussions can be found in the ESI † ( Fig. S14-S16 ).
Conclusions
Cis-to-trans isomerization of carbon-carbon can be induced by the application of mechanical force. We show this by using AFM and at the level of single polymer molecules which contained cis double bonds in the backbone. We found that the isomerization force is about 800 pN. Our results open the possibility to develop a new class of force-responsive materials based on mechano-isomerization of carbon-carbon double bonds.
